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Optical conductivity data [σ(ω)] of the colossal magneto-
resistance (CMR) pyrochlore Tl2Mn2O7 are presented as
functions of temperature (T ) and external magnetic field (B).
Upon cooling and upon applying B near the Curie temper-
ature, where the CMR manifests itself, σ(ω) shows a clear
transition from an insulatorlike to a metallic electronic struc-
ture as evidenced by the emergence of a pronounced Drude-
like component below ∼ 0.2 eV. Analyses on the σ(ω) spectra
show that both T - and B-induced evolutions of the electronic
structure are very similar to each other, and that they are
universally related to the development of macroscopic mag-
netization (M). In particular, the effective carrier density
obtained from σ(ω) scales with M2 over wide ranges of T
and B. The contributions to the CMR from the carrier ef-
fective mass and scattering time are also evaluated from the
data.
PACS numbers: 75.30.Vn, 78.30.-j, 78.20.-e
Physics of colossal magneto-resistance (CMR) phe-
nomena has been one of the central issues of condensed
matter physics in the last decade. In particular, the fer-
romagnetic perovskite manganites, e.g., La1−xSrxMnO3,
have attracted much attention.1 In these compounds, a
Mn3+/Mn4+ double exchange interaction reduces the
transfer energy of the Mn 3d holes through a paral-
lel alignment of neighboring Mn spins,2 resulting in a
CMR near the Curie temperature (Tc). In addition, a
strong Jahn-Teller effect due to Mn3+ leads to the for-
mation of polarons, which strongly affects the transport
properties.3 More recently, the Tl2Mn2O7 pyrochlore
has been attaining increasing interest, since it exhibits
a CMR that is comparable to those observed for the
perovskites.4–6 Tl2Mn2O7 is also a ferromagnet, and its
resistivity (ρ) drops rapidly upon cooling below Tc ∼
120 K. Near and above Tc, an external magnetic field
of 7 T reduces ρ by a factor of ∼ 10. Although these
features appear very similar to those for the perovskites,
various studies have suggested that the underlying mech-
anism should be very different: In Tl2Mn2O7 the elec-
tric conduction takes place in a conduction band having
strong Tl 6s and O 2p characters, as shown by band
calculations.7–9 The spontaneous magnetization below
Tc is produced by the Mn
4+ sublattice through superex-
change interaction, independently from the conduction
system. The CMR results from changes in the conduc-
tion system caused by the magnetization in the Mn4+
sublattice. Little evidence has been found for a dou-
ble exchange or a Jahn-Teller effect in Tl2Mn2O7. Hall
effect experiments4,10 have shown that the conduction
electron density is very low, n ∼ 0.8×1019 cm−3 or 0.001
per formula unit (f.u.) above Tc, and that it increases to
n ∼ 5× 1019 cm−3 (0.006 per f.u.) in the ferromagnetic
phase. A density increase is also found with applied
magnetic field.10 The carrier density change has been
considered a main cause for the CMR in Tl2Mn2O7.
10,11
However, many questions remain regarding the CMR
mechanism in Tl2Mn2O7. First of all, the microscopic
electronic structure of Tl2Mn2O7 itself has remained un-
clear experimentally, since no spectroscopic data have
been available, to our knowledge, over a sufficiently wide
energy range. Among many other issues, for example,
the contribution to the CMR from a change in the car-
rier mobility, suggested by the much larger variation in
ρ than in n,10 has not been studied in detail.
In this work we use optical spectroscopy to probe the
microscopic electronic structure of Tl2Mn2O7. The op-
tical conductivity σ(ω) of Tl2Mn2O7 was obtained from
its optical reflectivity R(ω), measured at photon ener-
gies 0.007 eV ≤ h¯ω ≤ 30 eV, at temperatures 40 K
≤ T ≤ 300 K, in magnetic fields B ≤ 6 T. Upon cool-
ing through Tc and upon applying B near Tc, σ(ω) in-
dicates a transition from insulatorlike to metallic elec-
tronic structures with a large Drude-like component be-
low 0.2 eV. It is found that the B-induced evolution of
the electronic structures leading to the CMR is very sim-
ilar to the T -induced one, and that they are universally
related to the macroscopic magnetization. This is the
first demonstration of such microscopic electronic struc-
tures in Tl2Mn2O7 as a function of energy. Contribu-
tions to the CMR from changes in the carrier mobility
are also analyzed.
The Tl2Mn2O7 sample used was a polycrystalline
disk12 synthesized by solid state reaction under a pres-
sure of 2 GPa.4 The measured magnetization of the sam-
ple showed a sharp onset at Tc ∼ 120 K, and near and
above Tc the resistivity decreased by a factor of ∼ 10
by applying a field of 6 T. These values agree well with
those in the literature.4–6,9,10 The sample surface was
mechanically polished for optical studies. Near-normal
incidence reflectivity measurements were made using a
Fourier interferometer and conventional sources for h¯ω ≤
2.5 eV, and using synchrotron radiation source for h¯ω ≤
30 eV. A gold or a silver film evaporated directly onto
the sample surface was used as a reference of the reflec-
tivity below 2.5 eV. The experiments under magnetic
fields were done using a superconducting magnet. σ(ω)
spectra were obtained from the measured R(ω) using
the Kramers-Kronig relations.13 To complete R(ω), a
Hagen-Rubens or a constant extrapolation was used for
the lower-energy end, and a ω−4 extrapolation for the
1
higher-energy end.13
Figure 1(a) showsR(ω) and σ(ω) spectra of Tl2Mn2O7
at 295 K up to 30 eV. The spectra are typical of an in-
sulating (semiconducting) oxide, with very small σ(ω)
below 1 eV and sharp peaks below 0.1 eV due to op-
tical phonons,16 and indicate a small density of states
(DOS) around the Fermi level (EF ). From σ(ω), the
band gap of Tl2Mn2O7 at 295 K is estimated to be ∼
1.6 eV. The peaks in the spectra above 2 eV can be at-
tributed to charge transfer excitations from O 2p to Mn
3d bands (the strong peak near 2.5 eV) and excitations
to other higher-lying states.7–9 Figure 1(b) shows R(ω)
and σ(ω) below 0.5 eV at several T ’s.14 Upon cooling
below Tc=120 K, both R(ω) and σ(ω) increase rapidly,
with R(ω) approaching 1 and σ(ω) showing a sharp rise
toward the lower energy end. The emergence of this
pronounced Drude-like component clearly demonstrates
that the electronic structure near EF becomes metal-
lic below Tc, with a substantial number of free carriers.
The spectral weight of a Drude component in σ(ω) can
be related to the effective density of free carriers, Neff ,
through the optical sum rule13 as
Neff =
n
m∗
=
2m0
pie2
∫ ωp
0
σD(ω)dω. (1)
Here, n is the carrier density, m∗ is the effective mass
in units of the rest electron mass m0, ωp is the plasma
cut-off energy, and σD(ω) is the Drude contribution in
σ(ω). In the inset of Fig. 1(b) we plot Neff , calculated
using (1) as a function of T .15 Contributions from the
phonon peaks in σ(ω) have been subtracted by fitting
them with the Lorentz function.13 The measured mag-
netization (M) of the same sample is also plotted. The
increase in Neff is apparently synchronous with that in
M below Tc, showing a strong connection between the
dynamic charge response and M .
According to the band calculations for ferromagnetic
(FM) Tl2Mn2O7,
7–9 there is a conduction band with its
bottom located ∼ 0.5 eV below EF .
9 This conduction
band results from a strong hybridization of Tl 6s, O 2p,
and Mn 3d states, and the resulting effective mass is
small, m∗ ≃ m0. The DOS around EF is very small,
and the calculated electron density is 4 ×1019 cm−3
(0.005 per f.u.). The minimum k-conserving gap in
the DOS, which leads to an optical gap in the dipole
approximation,13 is 1.5-2 eV in both the majority- and
minority-spin band structures. The observed σ(ω) below
Tc is consistent with these predictions: In the observed
R(ω) and σ(ω) the metallic components are indeed lim-
ited to below 0.5 eV. The onset of σ(ω) was observed at∼
1.6 eV also below Tc (not shown), similarly to that above
Tc shown in Fig. 1. (The spectra above 0.5 eV showed
only minor T dependences.) From the measured Neff of
0.01 per f.u. below Tc [see Fig. 1(b)] and the measured
density of n = 0.006 per f.u.,4,10 we obtain m∗ ∼ 0.6m0,
which is indeed small and close to the calculated m∗.
Hence, the band calculations7–9 are successful in pre-
dicting the basic electronic structures of FM Tl2Mn2O7
near EF .
Figures 2 and 3 show R(ω) and σ(ω), respectively, in
external magnetic fields B ≤ 6 T, applied normal to the
sample surface.17 The spectral changes at 125 K, near Tc,
are quite spectacular: both R(ω) and σ(ω) show large
increases with B, and σ(ω) shows a clear transition from
an insulating character at 0 T to a metallic one at 6 T.
In contrast, at 160 K and 40 K, away from Tc, they show
only small changes. The B-induced spectral changes at
125 K are remarkably similar to those observed with de-
creasing T at B=0 shown in Fig. 1(b). This similarity,
emphasized in the bottom graph of Fig. 3, clearly demon-
strates that the electronic structures near and above Tc
under strong B fields are very similar to those below
Tc at B=0. Figure 4(a) shows the variation of Neff ,
calculated with (1), as a function of B relative to that
at B=0. The relative increase in Neff is largest in the
range 120 K ≤ T ≤ 140 K, which is exactly where the
measured CMR of the sample was most pronounced.
In Fig. 4(b) we plot Neff as a function ofM for differ-
ent values of T and B. Apparently, Neff has a universal
relation with M in quite wide ranges of T and B. The
solid curve in Fig. 4(b) is a quadratic fit to the data,
which demonstrates that Neff nearly scales with M
2.
Note that this single universal relation holds in two seem-
ingly distinct regimes, i.e., one below Tc where ρ depends
more strongly on T than on B, and the other near and
above Tc where ρ depends more strongly on B than on T .
This common universal relation, as well as the similar-
ity between T -induced and B-induced spectral changes,
indicate that the electronic structures and the dynamic
charge response in the presence of a macroscopic M are
basically common in the two regimes. Namely, near and
above Tc (120 - 140 K), an applied external field pro-
duces M by aligning the Mn4+ spins, which results in
polarized band structures and the appearance of a small
conduction band, similarly to those below Tc predicted
by the band calculations.7–9 Here, as our results indi-
cate, M is the essential parameter for the microscopic
electronic structures around EF , while T and B are not.
The CMR in Tl2Mn2O7 near Tc should be primarily due
to this appearance of conduction band in the presence
of M induced by external B. The significance of the
observed Neff ∝ M
2 scaling relation will be discussed
later.
Regarding the CMR of Tl2Mn2O7, as stated before,
contributions from changes in m∗ and the average scat-
tering time (τ) of the carriers have been unclear. Below
we will roughly estimate these contributions using our
data. The measured n increases upon cooling through
Tc, n(100 K)/n(140 K) ∼ 5.
10,18 For Neff = n/m
∗, the
corresponding ratio is ∼ 8 [see Fig. 1(b)]. These values
suggest that m∗ becomes 8/5 ∼ 1.5 times smaller be-
low Tc. The increase in the dc conductivity (σdc) of our
sample was σdc(100 K)/σdc(140 K) ∼ 20. In the Drude
theory, σdc ∝ nτ/m
∗. Comparison with Neff = n/m
∗
shows that τ becomes 20/8 ∼ 2.5 times longer below Tc.
At 140 K on going from B=0 to 6 T, n increases by a
factor of 2,10 while Neff and σdc increase by factors of 5
and 10, respectively. A comparison of these factors show
that τ becomes 2 times longer and m∗ becomes 2.5 times
smaller at 6 T. Hence, τ becomes greater and m∗ becomes
smaller both by a factor of ∼ 2, both in the T -induced
and external B-induced FM phases. Namely, all of n,
τ , and m∗ contribute to the CMR in Tl2Mn2O7. Note
2
that the above simple analyses19 are possible since the
Drude-like component in σ(ω) is completely separated
from those due to interband transitions.
Since n is very small above Tc, ∼ 0.8 × 10
19 cm−3,10
a metallic conduction with a well-defined band effective
mass is unlikely. Indeed, experimental evidence for a
hopping conduction has been reported,11 and a possibil-
ity of magnetic polarons has been discussed.20 Hence the
observed decrease of “optical” m∗ might be related to a
crossover from a hopping-dominated charge dynamics to
a Drude-like one. The increase in τ is likely to result
mainly from the magnetic critical scattering of carriers
by localized spins,21 where the strong spin fluctuations
present for T ≥ Tc are suppressed for T < Tc, leading
to larger τ and σdc. Effects of a local coupling between
conduction electrons and Mn spins above Tc have also
been discussed.10
As stated earlier, our σ(ω) data of Tl2Mn2O7 have
exhibited an Neff ∝ M
2 scaling relation for the Drude-
like component in the FM phase. A microscopic ori-
gin of this M2 scaling is unclear currently. Note that a
relative shift of rigid, spin-up and spin-down parabolic
bands would lead to an M1.5 scaling,10 rather than
M2. Hence, the appearance ofM2-scaled spectral weight
transfer in Tl2Mn2O7 is non-trivial, and should be un-
derstood based on the specific microscopic electronic
structures of Tl2Mn2O7. An analogous M
2-scaled spec-
tral weight transfer has been also reported for other
magnetoresistance (MR) ferromagnets, the perovskite
manganites22 and EuB6.
23 In the case of the perovskites,
the M2-scaled spectral weight transfer was consistently
explained by a theory based on the double exchange.24
However, since the double exchange is unimportant
in Tl2Mn2O7, the mechanism of the M
2 scaling for
Tl2Mn2O7 is likely to be distinct from that for the per-
ovskites. Nevertheless, it is remarkable that these ferro-
magnets, with different mechanisms for their large MR
effects, all show anM2-scaled spectral weight transfer. It
remains an open, interesting question whether this scal-
ing is a universal optical property of MR ferromagnets
regardless of the detailed origin for their ferromagnetism
and large MR effects.
In summary, our optical data for the CMR pyrochlore
Tl2Mn2O7 have revealed much new information about
its microscopic electronic structures as functions of en-
ergy, T , and B. With increasing B and with decreasing
T near Tc, σ(ω) has shown a dramatic transition from an
insulatorlike to a metallic electronic structure, with the
appearance of a small (∼ 0.2 eV from EF ) conduction
band. The σ(ω) data show that the B-induced evolu-
tion of the electronic structure leading to the CMR is
very similar to the T -induced one, and that they are
universally related to M in wide ranges of T and B. In
particular, Neff scales with M
2. Our data have also
shown that τ becomes greater and m∗ becomes smaller
both by a factor of ∼ 2 in the FM phase, contributing
to the CMR.
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FIG. 1. (a) Optical reflectivity (R) and conductivity (σ)
of Tl2Mn2O7 at 295 K. (b) R and σ measured at different
temperatures at zero field. The inset compares the effective
carrier density (Neff ) and the magnetization (M) at an ex-
ternal magnetic field of 0.2 T, as a function of temperature
(T ).
FIG. 2. Optical reflectivity (R) of Tl2Mn2O7 in magnetic
fields at several temperatures.
FIG. 3. Top four graphs: optical conductivity (σ) of
Tl2Mn2O7 in magnetic fields at several temperatures. Bot-
tom graph: σ at different temperatures and magnetic fields
plotted together, demonstrating their similarity (see the
text).
FIG. 4. (a) Effective carrier density (Neff ) as a function
of magnetic field (B), normalized by those at B=0. (b) Neff
at different temperatures and magnetic fields as a function of
magnetization (M). The solid curve is a quadratic fit to the
data. The vertical bars indicate Neff arising from the range
below 0.007 eV, where the reflectivity spectra were extrapo-
lated.
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